ABSTRACT: Crosslinked isotactic polypropylene (iPP) was prepared by reactive blending using dicumyl peroxide and active sulfur. The modified material was characterized by means of several techniques: dynamic mechanical thermal analysis, differential scanning calorimetry, Fourier transform infrared spectroscopy, and nuclear magnetic resonance ( 13 C solid state NMR). Analysis of results using the above techniques confirms that, during the crosslinking process, new ethylenic chains are generated at expenses of the initially present iPP. Furthermore, a balance between the amount of missing iPP and the proportion of newly created polyethylene (PE) is observed.
INTRODUCTION
A new method for the preparation of reversibly crosslinking isotactic polypropylene (iPP) was recently developed in our laboratory. 1 The crosslinked iPP (in what follows, indicated by X-iPP) offers considerable advantages, such as a ductile fracture, in contrast to the brittle fracture exhibited by the unmodified iPP. In addition, the impact strength of the modified material increases by a factor of 4-7 with reference to the initial value. 2 The molecular network formed also confers a better processability to the modified material. These outstanding properties make of X-iPP an optimum candidate for many attractive applications. Furthermore, as previously shown, 2,3 the crosslinking reaction of iPP generates new ethylenic chains. Thus, the present work has been undertaken mainly to confirm this particular aspect, i.e., the generation of ethylenic chains during the crosslinking process. In addition, it is noteworthy the fact that it is possible to perform the complete procedure in only one fast step. The method currently used to perform the crosslinking process is the reactive extrusion, which modifies the polypropylene architectural structure. The scheme of this reaction is as follows:
The term X agent is used to denote the ''crosslinking agent''.
In general, the procedures developed for the crosslinking of polyolefins (PO) are mainly focused on polyethylene (PE). Crosslinked PE is widely used in industrial scale, for instance, in the manufacture of wire and cable coatings, and in the preparation of heat shrinkable films. 4, 5 PE can be easily crosslinked by means of an organic peroxide that can create radicals by a reaction of decomposition, or by irradiation with an electron or c-rays beam. 6, 7 On the contrary, iPP has been considered as a noncrosslinkable polymer until the work of Busfield. 8 This is due to the fact that, if iPP is either irradiated or subjected to the action of an oxy radical of peroxide, the bscission degradation process predominates over the crosslinking mechanism. 8 The reason is the low stability of the tertiary hydrogen atoms of macroradicals. 9 In fact, controlled b-scission degradation processes have been developed to adjust the molecular weight distribution of the PP obtained by conventional Ziegler-Natta catalyst systems, to improve the processability of the material, and develop grades with specific rheological behavior. 10, 11 The fragmentation of iPP during the crosslinking reaction can be prevented by addition of a crosslinking coagent. The latter is a molecule capable to react with the iPP macroradicals by means of an addition reaction before fragmentation occurs. Macroradicals are, then, changed to more stable forms, which do not experience the scission. Efficient coagents are those having two or more active groups in the molecule, so that they can react with two or more macroradicals. The crosslinks are then constituted by the coagent molecules bound to the network. Examples of crosslinking coagents are, among others, polyfunctional monomers, i.e., bi-, tri-, and tetraacrylates; also, vinyl compounds, sulfur, and sulfur-containing chemicals, as thiourea, etc. Hydroquinone and benzoquinone are considered as extremely efficient coagents. 12, 13 In recent years, new methods to achieve the crosslinking of iPP have been consequently developed. [14] [15] [16] The materials intervening in the present method are: iPP, an organic peroxide, sulfur (S), an accelerator (or a mixture of them), and potassium persulfate. The so-called ''crosslinking agent'' is constituted by the peroxide, the sulfur, and the accelerator. The samples were prepared by extrusion, though any other processing methods used in the industry for thermoplastic materials are also suitable, i.e., blow, injection or compression molding. For this reason, the modified polymers can be used to produce many different articles.
The crosslinking process is a homolytic chemical reaction. The principle of the crosslinking mechanism is to create macroradicals and make them act immediately on sulfur before the reaction of termination occurs. The first step is the peroxide decomposition, which originates the reaction of initiation; this, in turn, gives rise to the formation of macroradicals with a very short lifetime. The chains are linked by sulfur atoms (coupling reaction), through the formation of a tri-dimensional, heat-resistant, network. The interchain bridges can be: a sulfur atom, a polysulfide -(S) x -, or a cyclic S-compound. The accelerators increase the sulfur activation rate. Thus, the macro-radicals' formation and their coupling reaction with the sulfur originate at the same time, and an optimum crosslinking degree for each formulation is obtained. The addition of potassium persulfate increases the macro-radicals' lifetime. More details are given in. 1 The composition of the blend has to be calculated by taking into account the desired degree of crosslinking. This, in turn, depends on the radical peroxide efficiency, and on the activation rate. For this reason, in every experiment it is necessary to consider the transformation temperature, and the particular characteristics of the extrusion or the processing equipment to be used.
The aims of this study are two-fold:
a. To confirm, by using different techniques, the generation of ethylenic chains as a consequence of the iPP crosslinking process. b. To examine the structure of the new PE chains.
EXPERIMENTAL Materials
The materials used in this investigation were: The three accelerators used were: tetramethyl tiuram monosulphide (TMTM), tetramethyl tiuram disulphide (TMTD) and 2, 2 0 , dibenzothiazol disulphide (MBTS). They were supplied by Rhô nePoulenc, France.
As it was indicated earlier, the peroxide, the sulfur, and the above accelerators constitute the ''crosslinking agent''.
Blend preparation
For the preparation of the blends, the sulfur and the peroxide are used in equal concentration. In all samples, the amount of sulfur and peroxide was 0.2 or 0.4 wt %. The accelerator was always 1/4 of the sulfur and peroxide concentration. The six formulations used are shown in Table I .
As a first step, the iPP, the crosslinking agent and the potassium persulfate were mixed in the solid state, using a few drops of vegetal oil to wet and improve the degree of dispersion of the different components within the granules of the iPP. Then, the obtained mixture was introduced into a single screw laboratory extruder (Prolabo 1989) 
Techniques
Dynamic mechanical thermal analysis (DMTA) Dynamic mechanical thermal properties (mechanical loss factors tan d, and storage Young modulus E') were investigated in the À150 T 170 C temperature and 0.3-30 Hz frequency ranges by using a dynamic mechanical thermal analyzer (DMTA) from Polymer Laboratories model MK II. The samples were tested in a double cantilever driven in bending mode with a fixed displacement (AE16 lm). A heating rate of 2 C /min was employed over the whole temperature range.
Differential scanning calorimetry (DSC)
Thermograms of all the samples were obtained by using a Perkin-Elmer Pyris1 differential scanning calorimeter (DSC), calibrated with indium and zinc standards. The calorimetric runs were performed using 5-10 mg of sample with a heating rate of 20 C/min in the À30 to 200 C temperature interval under a constant flux of nitrogen at 0.1 L/min. All DSC curves are baseline subtracted and normalised to 1 mg of sample. The first run was analyzed in all cases.
Fourier transform infrared spectroscopy (FTIR) measurements
Fourier transform infrared spectroscopy (FTIR) spectra of the film samples were recorded using a Perkin Elmer model Spectrum GX Series equipped with deuterated triglycine sulphate detector (DTGS); data were collected with a resolution of 2 cm À1 within 256 scans. The range 3000-2700 cm À1 of the spectra was registered by using a HATR (Horizontal Attenuated Total Reflectance) accessory having a top plate fitted with a ZnSe crystal, while the remaining part of the spectra was performed in transmission mode with a 1 cm À1 window.
Nuclear magnetic resonance (
C solid state NMR)
Representative samples were cut in small pieces (about 1 mm 2 ), packed in 4 mm OD zirconia rotors and sealed with Kel-f TM caps. 13 C solid state NMR measurements were performed in a Bruker Avance TM 400 spectrometer equipped with a 89 mm wide bore, 9.4 T superconducting magnet ( 13 C Larmor frequency at 100.61 MHz). All reported data were acquired with a standard Bruker double resonance 4 mm cross-polarization (CP)/magic angle spinning (MAS) NMR probe head using 90 1 H and 13 C pulse lengths between 3.0 and 4.6 ls. The MAS spinning rates were 5.0 kHz. The contact time for 13 C CP/MAS experiments was 1.0 ms and the repetition rate 3 s. High power proton decoupling with a B eff of 75 kHz was used. The number of scans averaged for each spectrum was 4000. All FIDs were processed using the spectrometer manufacturer's software. The spectra were externally referenced to adamantane as a secondary reference to TMS.
RESULTS

DMTA
Figure 1(a) shows the temperature dependence of the mechanical modulus E' at a frequency of 0.3 Hz for all the crosslinked samples, as compared to that of neat iPP. At least three slopes are evident in the mechanical spectra of all the specimens. With increasing frequency, the intersection of the slopes shifts to higher temperatures (not shown here), as expected for thermally activated relaxation processes. The intersection points [ Fig. 1(a) ] correspond to the relaxations associated to local (c) and segmental (a and a 0 ) motions of the studied materials. The c-relaxation is related with local motions of the methyl group that occur within the amorphous phase of iPP.
17,18
The a-relaxation, also known as b-relaxation has been identified with the glass transition of the amorphous phase, although the interactions with the crystal phase also have to be considered. 17 Finally, the a 0 -relaxation is related to segmental motions within the crystalline phase. 17 Jourdan et al. 19 have reported that this latter relaxation is originated by the diffusion of defects in the crystal. However, the amorphous phase that surrounds the crystallites also contributes to this process. 17 In fact, this broad relaxation, approximately from 40 to 100 C, is a complex mode hiding several loss processes. 20 As the temperature is increased from À150 C, Log (E') slowly decreases and passes through the c-relaxation, located at about À110 C (at 0.3 Hz). At 0 C approximately, E' exhibits for all the samples a second relaxation which is associated to the glass to rubber transition (a-relaxation or dynamic T g ), exhibiting the familiar shifts to higher temperatures, the higher the driving frequency (not shown here). Finally, for higher values of temperature, the a 0 -relaxation process appears, followed by the melting. It is noteworthy that, in sample 4, a hardening process sets in just above 120
C [see Fig. 1(a) ]. The latter is a temperature where PE usually melts.
The values for the mechanical modulus E' at room temperature derived from Figure 1 (a) are listed in Table II , together with other mechanical properties. It is seen that all samples have modulus values lower than that of pure iPP, except sample 5 which presents a value almost identical to that of iPP. C (a 0 -process). In case of the original iPP sample, the low-T process [ Fig. 1(b) ] is rather spread out towards temperatures higher than À110 C. In the crosslinked material, the temperature range of the c-process reduces to a rather narrower dispersion region around À110 C. With regards to the cooperative a-relaxation process, or dynamic T g [located in the interval between Table I for sample compositions.
À10
C and 30 C, Figure 1 (c)], we observe that, in some of the modified samples, the dispersion peak moves towards temperatures 3-5 C higher than the value found for the original iPP, i.e., 9
C. This effect is also related with the crosslinking process.
The a 0 -relaxation process is shown in Figure 1(d) . In sample number 1 the maximum is shifted to higher temperature ($79 C) than the pure iPP ($72 C). The relaxation intensity in the crosslinked samples is similar (samples 3 and 6) or smaller that in the unmodified iPP. In addition, the temperature range where the a 0 -relaxation occurs is slightly wider in samples 1, 3, and 5.
Finally, in the high T region (not shown here), the melting of the samples takes place. Figure 2 illustrates the DSC scans at 20 C/min of all the samples. Whereas the iPP thermogram shows a melting endotherm of the polymer at about 167 C, in the crosslinked samples a second melting peak, at lower temperature than that of iPP, appears. The appearance of this peak, already detected in a previous study, 2 was related with the presence of PE chains, eventually formed by the action of the peroxide and potassium persulfate on some of the tertiary carbon atoms of the iPP. Table III reports the values of the peak temperatures and the enthalpies associated to the melting processes observed.
DSC
The degree of crystallinity, a DSC , for each component, i.e., for iPP and for the newly created PE was derived from the DSC study using the following formula: 21 and DH 1 m ¼ 293.86 J/g for PE. 21 Table III lists the crystallinity values found for both components iPP and PE, in the crosslinked samples. The obtained results show that, both, a PE and a iPP show quite similar values in all the modified materials. In addition, the a iPP values for the modified samples are only slightly lower than that for the pure iPP, which is 0.40.
The thermodynamic crystal size l c was derived for each maximum using the Thomson-Gibbs equation: Table I for sample compositions. Samples are as in Table I. where r e is the surface free energy and T 23 However, this r e value is probably an upper limit. In fact, according to our own results, r e in linear PE depends on the molecular weight, its value ranging between 79 and 91 erg/cm 2 . 23 As the melting temperature found in the thermograms of the crosslinked samples for the first maximum is about 125 C, i.e. relatively low, we think that the PE originated during the crosslinking process has a low molecular weight and/or is not linear, but branched. By using eq. (1), we obtained l 
Fourier transform infrared spectroscopy
Region 2800-3000 cm À1 Figure 3 shows only the FTIR spectra of the pure iPP and the crosslinked samples 3 and 5 for the sake of clarity. However, all the crosslinked samples behave in the same way. Just to furnish a first, rough estimate of the fraction F iPP of iPP (both in the amorphous and in the crystalline states) still present in the samples after introducing the crosslinking agents, we consider the heights h of the peaks at 2918 and 2950 cm À1 , which are attributed to the CH 2 and CH 3 antisymmetric stretching modes, respectively. 24 Table IV reports the ratios R B h CH2 / h CH3 for the different samples. Now, let R 0 (¼ 1.28 in the present case) be the value obtained for bare iPP and let R i be the value of Sample i. Then R i > R 0 means that part of the CH 3 groups disappeared (i.e. iPP disappeared), and the relative enhancement of the CH 2 peak height with respect to the CH 3 one is ascribed to a corresponding PE fraction appearing in the system. Thus, F iPP ¼ R 0 /R i . Of course, for a more exact calculation, R should be estimated from the areas of the peaks, but here we just want to get an approximate evaluation of F iPP , whose values are also listed in Table IV. In the same region (2800-3000 cm
À1
), we also find another indication of the appearance of new ethylenic chains. It is the presence, in the crosslinked material, of a band at 2849 cm
. This band is characteristic of the symmetric stretching mode of the ACH 2 A groups 24 and is not present in the pristine iPP [see Fig. 3(a) ].
Region 500-830 cm
In Figure 3(b) we observe, in the crosslinked samples, the doublet at 720 and 730 cm À1 , characteristic of the rocking mode of the (ACH 2 A) n sequences in PE when n ¼ 4. 25 This finding also confirms the creation of new ethylenic chains as a consequence of the crosslinking process.
NMR
The
13
C solid state NMR spectra of pure iPP and some of the crosslinked X-iPP materials, i.e., samples 1, 3, and 5, are shown in Figure 4 . . See Table I for sample compositions. As it is well known, pure iPP [ Fig. 4(a) ] exhibits, on its a-form, a doublet at 44.6 and 43.9 ppm, characteristic of the methylene groups ACH 2 A, an intense peak at 26.5 ppm, from the ACH< tertiary groups, and finally, the peak originated by the methyl groups ACH 3 at 21.9 ppm. 26, 27 In the NMR spectra of the modified samples 1, 3, and 5 [ Fig. 4(bd) ] the most outstanding characteristic is the appearance of two peaks, at 31.0 and 32.8 ppm, which are not present in the pristine iPP. In polyolefins, these peaks are attributed to the presence of sequences ACH 2 A in their crystalline (32.8 ppm) and amorphous (31.0 ppm) forms. 28 The spectra of samples 2, 4, and 6, not presented here, also show the new two peaks. From the ratio between the intensity of the PE peaks to the total intensity in each spectrum, the proportion of the generated ethylenic chains can be calculated. This proportion varies between 20 and 23% of the total material (see Table IV ). In addition, the crystallinity of the ethylenic chains, calculated from the ratio of intensities between the peaks at 32.8 and 31.0 ppm, is about 51-54%. However, as indicated in the experimental part, the NMR spectra included in this study have been taken by using the CP method. This method tends to overvalue the crystalline contribution in relation to the amorphous one. 29 For this reason, we consider the crystallinity values of the PE chains derived from the DSC study to be more realistic. These values, listed in Table III , are in the range 27-30%.
In addition, even if the degree of magnification of the spectra shown in Figure 4 is not enough as to detect them, all samples exhibit little peaks at 38.1, 48.0, and 49.6 ppm. This is an indication of the presence of a small proportion of syndiotactic polypropylene, sPP. 29, 30 However, in the region 48-49 ppm there could be also some overlapping with other resonances due to the ACH 2 A groups from the amorphous parts of iPP. 29 Thus, the maximum amount of sPP can be estimated to be about 3% in the unmodified sample and even smaller (1.8-2.3%) in all crosslinked samples.
Moreover, the degree of disorder of the iPP chains can be estimated from the ratio: A 44.0 / (A 44.0 þA 44.7 þA 43.6 ), where A 44.0 is the area of the peak at 44.0 ppm (characteristic of the ACH 2 A groups present in the more disordered a d -phases), 29 and A 44.7 and A 43.6 are the areas of the peaks at 44.7 and 43.6 ppm, originated by the methylene ACH 2 A groups in the more ordered a 2 phase, 29 respectively. This degree of disorder varies between 0.18 for sample 3 and 0.32 for sample 6, provided that all the crosslinked samples have been subjected to the same thermal treatment.
DISCUSSION
Mechanical and calorimetric properties
According to Chodák and Karger-Kocsis, 12, 13 in presence of coagents such as hydroquinone and benzoquinone, the mechanical properties of the modified iPP seem to be less affected by degradation as compared to the other crosslinking initiating systems. For instance, an improvement of the impact resistance at low temperature and a lower brittle-ductile transition temperature, were observed. In our method, we use sulfur as coagent; in fact, our experimental results indicate that, whereas the hardness H of the samples is not so much influenced by the crosslinking reaction, the impact strength is clearly improved, especially in sample number 5 (see Table II ). 2 DMTA results show that, in the modified samples, the T g value is shifted several degrees above the one obtained for the iPP [ Fig. 1(c) ]. In addition, in all the crosslinked samples the intensity of this relaxation is notably smaller. These effects can be explained as due to the mobility decrease of the chains originated by the crosslinking process. On the other hand, instead of the wide temperature range (from À130 to À30 C) in which the c-relaxation for the iPP takes Table I . The assignation of the peaks is as follows: For the iPP: doublet at 44.6 and 43.9 ppm (methylene groups ACH 2 A), peaks at 26.5 ppm (ACH< tertiary groups) and 21.9 ppm (methyl groups CH 3 ). For the PE: peaks at 31.0 (amorphous ACH 2 A sequences) and 32.8 ppm (crystalline ACH 2 A sequences).
place, in the modified samples a much narrower one (from À130 to À80 C) appears, showing a more clear maximum between À100 and À110 C [see Fig. 1(b) ]. According to Khonakdar, 31 this maximum could be related to the T g of the PE.
Concerning the a 0 -relaxation, the intensity of this process in most crosslinked samples is lower than in pure iPP.
On the other hand, the above DSC, FTIR, and NMR results confirm that the crosslinking process gives rise to the formation of new ethylenic chains at expenses of the iPP initially present. Thus, from DSC, it is seen that, in the crosslinked samples, a new melting peak appears at about 125 C (Fig. 2 , and Table III ) that can be ascribed to the presence of PE chains.
2 Table II collects as well the hardness values H exp from a preceding publication 2 for all the studied samples. We can consider that the crosslinked samples are, in fact, blends of iPP plus PE. To explain the mechanical behavior of these blends, we apply the additivity law of a two component system to evaluate the hardness H of the iPP/PE blends thus obtained:
where U and (1-U) are respectively the weight fraction of PE and iPP. In addition, we assume the two phase model for the hardness of a semicrystalline polymer:
where H c and H a are the intrinsic hardness values for the crystalline and amorphous phases, respectively, and a is the volume fraction of the crystalline material. By combination of the additivity law (3) and eq. (4), and taking into account that we can approximate H PE a % 0, we are led to the expression:
This expression describes the microhardness of a binary blend in terms of the hardness values of the independent crystalline and amorphous components. By interpolation of the PE data shown in Figure 10 of, 32 we have estimated the hardness of a PE with a crystallinity degree of about 0.3 (see Table III (Table  II) . One sees that the calculated values H calc are not very far from the experimental ones H exp , i.e., the crosslinked samples follow the additivity law.
Evidence of generated PE chains from FTIR and NMR From FTIR, in the modified materials we find several indications of the presence of new PE chains: a. The variation of the relative intensities of the bands at 2920 and 2950 cm À1 [ Fig. 3(a) ] in the X-iPP compared to the pristine iPP. 24 As it was told above, from this variation it is possible to make a rough estimation of the iPP still present in the samples after the crosslinking process. b. The appearance, in the spectra of the modified samples, of a new band at 2849 cm
À1
[ Fig. 3(a) ], characteristic of the symmetric stretching mode of the ACH 2 A groups. 24 c. The presence, in the crosslinked samples, of the doublet at 720 and 730 cm À1 [ Fig. 3(b) ], which is known to be related to the rocking mode of the (ACH 2 A) n sequences in PE when n ! 4. . These peaks are attributed to the presence of ethylenic chains, respectively amorphous and crystalline, 28 which were absent in the pristine iPP [see Fig. 4(a) ]. In addition, as mentioned before, in Figure 1 (a) we observe in sample 4 a hardening process (i.e., E' increases) taking place just above 120 C, that is the PE melting temperature. This hardening process could probably be ascribed to further iPP crystallization previously hindered by the presence of PE crystals.
The most interesting aspect of this study is the fact that the fraction of unmodified iPP, roughly calculated from the FTIR patterns (third column in Table IV) , is complementary to the fraction of newly created ethylenic chains derived from the NMR spectra (fourth column in Table IV ).
In summary, there is a good agreement among the results obtained by using different techniques to the samples under study, which confirms the validity of our finding concerning the formation of PE chains as a consequence of the crosslinking process.
Coexistence model
At this stage, we can ask ourselves where the newly generated PE chains (a 0.20 fraction) could appear. As the crystallinity of the initial iPP is 0.40, that means that the amorphous phase fraction is 0.60. In the modified samples, a iPP is only slightly smaller than in the original material (Table III) . According to Chodák and Karger-Kocsis, 12, 13 as the crosslinking process takes place in the molten state, it should lead to a homogeneous distribution of links. In the presence of sulfur, which acts as a coagent, the scission process and, consequently, the branching are prevented, and the network links are the main structural defects that influence the degree of crystallinity. In fact, the heat of fusion of the iPP-component in the crosslinked material is lower than that of the unmodified iPP. This can be related to the higher defects content and the lower mobility of the chains in the modified polymer. 34 Similarly to the network links, the PE chains should be homogeneously distributed in the molten material. Thus, one can speculate that, as in, 34 crosslinks are also formed between iPP and PE macromolecules. In addition, PE is able to crystallize when the temperature is lowered. The degree of crystallinity is, however, quite low, of about 0.30. In Figure 5 , we have tried to depict schematically the initial pure iPP phase, consisting of stacks of iPP lamellae distributed at random [ Fig.  5(a) ], and the final modified material, giving rise to the coexistence of both stacks of iPP and PE lamellae [ Fig. 5(b) ]. The crystalline PE fraction amounts only to about 0.06. Thus, it is visualized as constituted by few, rather small stacks of crystals. 2. Analysis of data derived from the different techniques used, confirm that the process developed for the reversible crosslinking of iPP gives rise to the generation of ethylenic chains in a proportion of 20-23%. 3. The emerging PE is semicrystalline and its degree of crystallinity is about 27-30%. 4. The crystalline structure of the created PE is not so much affected by the type or concentration of the crosslinking agents. 5. The presence of the amorphous ethylenic fraction originated in the process is shown to contribute to the high impact strength performance shown by the crosslinked samples. Figure 5 Schematic drawing of (a) initial pure iPP phase, (b) final modified material, showing the coexistence of both phases iPP and PE. Here, PE stacks of lamellae have been indicated with the letters PE and surrounded by a rectangle, to be distinguished from the larger and more abundant iPP crystals. The tie molecules interconnecting both phases are not shown.
